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We have investigated the magnetic and magnetotransport properties of Ba2FeMoO6 thin films
produced by pulsed laser deposition from optimized bulk material. The films are comprised of
grains of crystalline Ba2FeMoO6 with a disordered grain boundary region that lowers the net sat-
uration magnetization of the film and prevents full magnetic alignment below a Curie temperature
TC∼305 K. Magnetotransport measurements point to the Ba2FeMoO6 grains retaining the high spin
polarization of a half-metal up to TC, while the grain boundaries greatly reduce the spin polarization
of the intergrain electrical current due to spin-flip scattering. Our results show that a strong spin
polarization of the electronic charge carriers is present even in Ba2FeMoO6 films that do not show
the ideal bulk magnetic character.
2I. INTRODUCTION
The double perovskite oxide compounds A2BBO6 have excited interest due to the expectation that a number
of them should be exceptional materials for enabling new spin-based devices for electronics and computing1–3. In
particular, a number of the double perovskites are predicted to be half-metallic with a 100% spin polarization of
their charge carriers1,4,5. The most extensively studied double perovskite oxide is Sr2FeMoO6, owing to its high
Curie temperature (TC) in the bulk of 426-440 K
4,6. A significant effort has gone into optimizing the preparation of
this compound in bulk ceramic form7, with promising experimental results demonstrated, such as magnetoresistances
that remain as large as 10% at room temperature8–10. However, producing thin films of Sr2FeMoO6 with bulk-like
properties has proven to be difficult, and more often than not the saturation magnetization and TC of films have been
lower than for the bulk11–15. In addition, the magnetoresistance of thin films has typically not exceeded 5%16,17, lower
than the magnetoresistances of bulk material, which reach as high as 15%10. Recently however, a room temperature
magnetoresistance of 12% has been achieved in a thin film deposited on Si18, and films have also been incorporated
into magnetic tunnel junction structures19–21.
The next-most investigated member of the family is Ba2FeMoO6 (BFMO) , also predicted to be a half-metal
5,22,23,
with a similar magnetic moment to Sr2FeMoO6, and a TC higher than room temperature (TC≈330-345 K)
24–27.
BFMO has also been extensively investigated in bulk ceramic form and several groups have produced material with
very near the theoretical maximum saturation magnetization24,27–29. However, only a few studies of the thin film
form of BFMO exist. Thin polycrystalline films prepared by ion beam sputtering from bulk targets followed by
high temperature annealing have achieved saturation magnetization of 3.27 µB per formula unit (f.u.)
30. Crystalline
epitaxial films have been prepared by pulsed laser deposition (PLD) at high temperatures, with a lower saturation
magnetization than achieved in the bulk form. These PLD films had a TC of 250 K when grown in vacuum
31, which
increased to above 300 K when grown in an Ar/O2 partial pressure
32. However, the films grown in an O2 environment
had a reduced saturation magnetization and showed signs of phase segregation in structural measurements.
To further advance the development of BFMO as a candidate material for spin-device technology, we have deposited
thin films from bulk targets prepared with optimum properties for BFMO28,30,33. The films were deposited by pulsed
laser deposition at the elevated temperatures required for epitaxial growth on lattice-matched substrates31. We have
characterized the magnetic and magnetotransport properties of these films prepared from optimized targets in order
to investigate their potential use as a source of spin polarized charge carriers.
II. GROWTH AND METHODS
We have first produced BFMO in bulk pellet form by solid state reaction, grinding and sintering powders containing
the constituent elements. The preparation details for the bulk pellets have been reported elsewhere30,34. Our optimized
pellet used as the target for film growth has a TC=315±2 K as shown in Figure 1, within the range of 310-330 K
usually reported for bulk BFMO24–27,35. The saturation magnetization MS of the target at 10 K is 3.72 µB, close to
the theoretical maximum of 4 µB
4. Using the equation MS=(4− 8x)µB where x is the anti-site disorder (ASD)
36–38,
x for the target is calculated as 3.4%, among the lowest values reported for BFMO to date27,28,39.
Thin films with thicknesses ∼600-700 nm have been grown from the optimized target by pulsed laser deposition onto
SrTiO3 (001) substrates heated to 700-750
◦C. A Lambda Physik Compex 205 KrF laser operating at a wavelength
of 248 nm has been used to supply 25 ns laser pulses at a constant pulse rate of 10 Hz and a fluence of between
4.0 Jcm−2 and 7.5 Jcm−2. Film structural quality was checked by RHEED and XRD, which showed that the films
grew crystalline, aligned with the substrate and with an out-of-plane lattice parameter of 8.063 A˚, in close agreement
with the bulk value of 8.062 A˚4. Full details of film growth, RHEED and XRD are reported elsewhere34.
Magnetization has been measured using a Quantum Design MPMS XL SQUID magnetometer, at temperatures from
2-400 K, and in applied fields of up to 70 kOe (∼5.6×106 Am−1) applied in the plane of the films. Magnetization values
have been calculated using the Ba2FeMoO6 formula unit volume of 1.285×10
−22 cm3. Transport measurements were
made with a Quantum Design PPMS at temperatures from 2.5-400 K and in fields up to 90 kOe (∼7.2×106 Am−1).
The resistivity rotator rod option was used, enabling the films to be rotated for measurements with field applied both
in-plane and out-of-plane. Films were also mounted vertically on the rotator rod puck in order to rotate the field in
plane for anisotropic magnetoresistance measurements. A thin layer of GE varnish was used to thermally anchor the
samples to the PPMS pucks and electrical contacts were made to the films with Cu wires and EPO-TEK R© silver
epoxy.
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FIG. 1: (color online) Magnetization vs temperature of the optimized Ba2FeMoO6 pellet used as a target for the
growth of thin films via pulsed laser deposition, measured in 100 Oe (∼8000 Am−1) field. TC is approximately
315 K.
III. RESULTS AND ANALYSIS
A. Magnetization and resistivity
The Ba2FeMoO6 films are ferromagnetic up to near room temperature, with temperature and field-dependent
magnetization measurements shown in Figure 2. The field loop data have been corrected for the negative linear
diamagnetic contribution from the substrate which dominates at high fields. A low magnetic background is visible in
the temperature-dependent magnetization above∼300 K, possibly due to a small Fe impurity below the XRD detection
limit. This impurity is often seen in double perovskite oxides40,41 due to the stability of some of the precursor phases
in the preparation of bulk material. The magnetization is proportional to T 3/2, fitting the well-known Bloch law of
magnetization decay due to the excitation of magnons in an isotropic ferromagnet42. An extrapolation of the T 3/2
dependence to zero moment results in an approximate Curie temperature of ∼305 K. The saturation magnetization
MS at 10 K of the film shown in Fig. 2 is 0.48 µB, with the largest MS of our films 0.75 µB (not shown), both
considerably lower than the 3.72 µB in the optimized bulk target. However, the lower values of our films are close to
those achieved in the only other published studies on PLD thin films31,32.
The resistivity is shown in Figure 3, with a negative temperature coefficient implying a non-metallic conduction
behavior. However, the resistivity change from 2.5 K to 300 K is less than one order of magnitude, and the resistivity
values of our films, at ∼10−2 Ωcm, agree with the values of 10−4-10−2 Ωcm found elsewhere in bulk pellets of BFMO
with metallic conduction27,43. We have attempted to fit the data with ρ ∝ e(
a
T
)n , for n = 1, 12 ,
1
3 ,
1
4 as described by
typical models for the temperature-dependent resistivity of semiconductors44,45, but none fit over more than a small
range of temperatures. On the other hand, the inset of Figure 3 shows that the temperature-dependence conforms
over nearly the full temperature range measured to the fluctuation-assisted tunnelling (FAT) conduction model, where
resistivity is dominated by tunnelling of carriers between conducting grains. In this model the conducting grains are
separated by energy barriers46 with a barrier height that varies due to thermal fluctuations, resulting in a resistivity
given by
ρ = ρ0e
T1
T+T0 . (1)
We estimate the physical thickness of the barrier from the ratio T1T0=
piχw
2 , where χ =
√
2mV0
~2
is the reciprocal length
of the wave function, V0 is the barrier potential height and w is the barrier thickness. The resistivity obeys the FAT
model well up to approximately 250 K, which gives an estimate of where the thermal energy kBT overcomes the energy
barrier, implying V0 ∼20 meV. Taking the effective mass to be 1.7-3.3 from the similar compound Sr2FeMoO6
47–49,
we then find that χ is between 9.4×108 m−1 and 13×108 m−1 and, using the fitted values of T1=80.0 ± 0.1 K and
T0=72.3 ± 0.1 K, the barrier width w=0.5-0.7 nm, which compares well with values of the barrier width of 0.4-3.0 nm
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FIG. 2: (a) Remanent magnetization vs temperature of a Ba2FeMoO6 thin film, measured after field cooling in
100 Oe (∼ 8.0× 103 Am−1), with an extrapolated Curie temperature ∼305 K. The line is a fit to a T 3/2
dependence. (b) Magnetization vs field at 10 K.
found from polycrystalline Sr2FeMoO6
50–52. The average crystallite size in our BFMO films is ∼37 nm, calculated
from the Kα (004) BFMO reflection full-width at half-maximum of 0.006 rad (0.37
◦) with the Scherrer formula
and the measured film XRD spectrum34. The film is therefore comprised mostly of bulk-like conducting BFMO
crystallites, with intergranular conduction occurring through the thin tunnelling barriers of possibly disordered or
sub-stoichiometric material.
B. Hall effect
Figure 4 shows the anomalous Hall (AHE) effect of the BFMO film measured at various temperatures, with the
linear high field component subtracted. The linear component, due to the ordinary Hall effect, is -7.03×10−11 Ωcm/Oe
at 2.5 K, corresponding to an electron carrier density of 8.89×1020 cm−3 or 0.11 electrons per BFMO formula unit,
and with a mobility of 0.39 cm2/Vs. The carrier concentration agrees with values previously reported by Kim et al.
for BFMO films31 and is an order of magnitude lower than reported for SFMO thin films53,54. At 100 K, the carrier
concentration has increased to 0.56 electrons/f.u. and mobility has decreased to 0.15 cm2/Vs. The anomalous Hall
resistivity was calculated from the corrected Hall voltage using ρxy =
VHt
I , where VH is the Hall voltage, t is the
thickness of 630 nm and I is the measurement current 10 mA.
At low temperatures the sign of the anomalous Hall resistivity is positive, reaching 1.8 µΩcm at 2 K, dropping
steadily as temperature increases up to 100 K. The anomalous Hall resistivity is linearly dependent on resistivity ρxx
as shown in the bottom part of Figure 4, implying the dominance of the skew scattering mechanism of the anomalous
Hall effect55. An interesting phenomenon is the change of sign of the AHE from positive to negative between 100 K and
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FIG. 3: Resistivity vs temperature of a Ba2FeMoO6 film in zero applied field. Inset: test of fluctuation-assisted
tunnelling model of conduction.
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FIG. 4: (color online) Top: Anomalous Hall effect at various temperatures. The high-field linear ordinary Hall effect
component has been subtracted to better show the saturating anomalous component. The sign changes from positive
to negative between 100 K and 300 K. Bottom: Linear dependence of anomalous Hall effect on ρxx below 50 K.
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FIG. 5: (color online) Longitudinal magnetoresistance of Ba2FeMoO6 at various temperatures. Lines are fits to
equation 2.
300 K. While we cannot immediately rule out that the origin of this negative AHE is the weakly magnetic component
seen in Figure 2a, our measured AHE is of the opposite sign to that seen in both Fe thin films56 and nanoparticles57.
To understand the change of sign, we turn to Yanagihara et al., who discussed two contributions to the scattering
that gives rise to the AHE in SFMO single crystals58. These two contributions are scattering from magnetic and from
non-magnetic impurities, which have opposite signs in the scattering amplitude. As in SFMO single crystals, at low
temperatures our BFMO films have a positive sign of AHE, implying that the AHE is dominated by the magnetic
scattering component. Nearer TC, the change in sign of the AHE to negative shows that the magnetic scattering
contribution weakens and the non-magnetic scattering dominates.
C. Magnetoresistance
The longitudinal magnetoresistance (longitudinal MR), i.e., the field-dependent change of resistance measured
parallel to the direction of the applied current, is shown in Figure 5. The longitudinal MR is negative, and below
TC the MR becomes stronger as temperature decreases, reaching a maximum of -10% at 50 kOe (∼4.0×10
6 Am−1)
and 2.5 K. A notable feature of the longitudinal MR is that it does not saturate, even at the lowest temperatures
and highest fields. This is again different to the behavior of the magnetization of Fig. 2, which has already reached
saturation by approximately 20 kOe. The non-saturating MR is a familiar phenomenon to granular oxide films
with strong spin polarization such as CrO2 and CrO2/CrxOy
59 and Fe3O4-Pt
60, all of which also exhibit the FAT
conduction mechanism. Similar magnetoresistance has been reported in bulk (Sr,Ba)2FeMoO6
33,61 and has been
successfully modelled as
MR = −
P 2m(H)2
1 + P 2m(H)2
+ AH, (2)
where P is the spin polarization, H is the magnetic field, m(H) is the field-dependent magentization and A is a
constant. The first term is due to tunnelling magnetoresistance, where m(H) takes the form used for spin glasses with
a weak anisotropy field, and the second term is linear in field due to spin disorder. However, in the bulk samples of
refs 61 and 33, the temperature coefficient of resistivity was positive, unlike the semiconductor-like negative coefficient
of resistivity in our thin films. While the data of Figure 5 can be well fit to equation 2, the fitted spin polarization P
does not exceed 10% at 2.5 K, much lower than expected for BFMO.
IV. DISCUSSION
From Figure 2a, the saturation magnetization of the BFMO films is only ∼20% of the theoretical maximum
of 4 µB/f.u., which could most simply be explained by a large fraction of the film being magnetically ’dead’, due to
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FIG. 6: (color online) Anisotropic magnetoresistance of Ba2FeMoO6 at 60 kOe (∼4.8×10
6 Am−1) at various
temperatures. φ indicates the angle of the in-plane magnetic field relative to the applied current I. The AMR is set
to 0 at the angle where the resistance is a maximum (φ=90◦)
defects or composition variations. It is tempting to attribute the tunnel grain boundaries identified by the temperature-
dependent resistivity measurements to such a magnetically dead component. However, with a grain diameter of 37 nm
extracted from the XRD, the grain boundary material would need to form a shell 10 nm thick around each grain to
account for the reduced magnetization, more than an order of magnitude larger than the width of the defected region
indicated by the resistivity measurements. In double perovskites, typically the source of low saturation magnetization
is anti-site disorder (ASD)36,62, with the reduced magnetization primarily arising from an antiferromagnetic coupling
of the site-swapped Fe ions. In addition, ASD reduces TC
63, with ∼20% ASD reducing TC by ∼25 K in SFMO. We
see a similarly lower TC in our BFMO films, 305 K compared to TC=315 K in the low-ASD BFMO pellet. However,
such a large ASD should also show up as an increased resistivity compared to bulk, low ASD material. This was
the case for Kim et al.31, who reported a resistivity of 200-600 µΩcm in their low MS BFMO films. The resistivity
of our films is an order of magnitude less and is therefore inconsistent with the presence of high ASD. However, our
films clearly obey the fluctuation-assisted tunnelling conduction model of metallic grains separated by tunnel barriers,
indicating that defected material is present as grain boundaries.
To explain these results, we hypothesize that in our films the ASD is spatially correlated rather than more uniformly
distributed. Calculations have shown that short-range ordering in double perovskites is robust, and the formation of
clustered patches of ASD into anti-phase boundaries (APBs)64 is favoured over homogeneous ASD65. APBs separate
magnetic domains that are aligned anti-parallel, and when the magnetic domains are small enough, even large mag-
netic fields may be insufficient to align them in the same sense. The domain walls extend only a few atoms from the
point defects that create the APBs and this size is a close match to the tunnel barrier width extracted from the FAT
conductivity behaviour. Correlated ASD in the form of APBs is thus a likely explanation for the lower saturation mag-
netization and magnetotransport properties of our films, while explaining also the observed temperature-dependent
resistivity. The point defected APB regions are too small to be easily detected with conventional XRD, which indicates
a structural coherence over 37 nm, a volume which covers many distinct magnetic domains and APB regions.
To understand better the magnetotransport measurements, we measure the anisotropic magnetoresistance (AMR),
shown in Figure 6. AMR is the change in resistance measured as the magnetic field is rotated in the plane of the film,
in contrast to the longitudinal MR, which measures the resistance change with a fixed field direction. The conventional
theory of AMR in transition metal-based compounds involves scattering from itinerant electrons (usually s states) to
localized states with a magnetic moment (usually 3d states)66. While BFMO has little to no s electron occupation
in the conduction band at the Fermi level67, the conduction band is mostly made up of states from itinerant Mo
4d electrons1,5,23 hybridized with localized Fe 3d orbitals68, such that the concept of AMR developed for itinerant
electrons can also be applied to the AMR we observe in BFMO.
Most notably, the AMR of Figure 6 is negative for temperatures below ∼250 K, coinciding with the temperature
where the AHE changes sign. A negative AMR is predicted to be an indicator of half-metallic conduction69,70,
opposite to the ordinary positive AMR in transition metal ferromagnets and alloys66. This has been supported by
8measurements of negative AMR in half-metallic Heusler thin films71–74. Hence, the negative AMR of Figure 6 indicates
the BFMO is half-metallic below ∼250-300 K.
The low value of spin polarization derived from the longitudinal MR measurements appears incompatible with the
indication of half-metallicity from AMR measurements. However, the origin of the AMR is different from that of the
longitudinal MR. At in-plane fields larger than ∼30 kOe, the magnetic grains in the films are saturated and the lack
of change in the magnetization up to 50 kOe in Figure 2b shows there can be no effect of rotating the magnetic field
on the magnetoresistance due to inter-grain transport, as the magnetic moment of the grains should rotate to follow
the field direction. The AMR at large fields is instead due to intra-grain scattering, and probes the orbital electronic
states. Hence, the AMR is sensitive to the electronic structure within the magnetic grains, whereas the longitudinal
MR depends on tunnelling between grains. The negative sign of the AMR indicates that the magnetic grains are
half-metallic, as predicted for BFMO. As implied by the resistivity measurements of Figure 3, in between the grains
are correlated APBs made of defected BFMO material. The presence of APBs is supported by the appearance in
Figure 6 of a four-fold component in the AMR, below ∼100 K. A similar four-fold component associated with APBs
has been noticed in epitaxial Fe3O4 thin films
75–77. Spin polarized electrons from the half-metallic BFMO grains
experience extra scattering when tunnelling out through the domain wall APB regions, leading to the tunnel-barrier
resistivity and low spin polarization. The non-saturation of the longitudinal MR confirms that the APBs are unable
to reach full alignment, even at 5 K and 60 kOe.
In summary, the temperature-dependent resistivity, low saturation magnetization and non-saturation of magnetore-
sistances show that defects, probably APBs, inhibit full bulk-like magnetic alignment of the films, which are broken
into small magnetic domains, while the double perovskite structure as probed by conventional XRD is coherent over
a longer scale. The APBs provide barriers to the spin polarized charge carriers that tunnel between metallic BFMO
grains, which reduces the effective intergrain spin polarization. However, the volume of these barrier regions is small
compared to the volume of the well-ordered BFMO grains, and the AMR and anomalous Hall effect measurements
indicate half-metallic conduction in the BFMO thin films, which disappears around 250-300 K, close to the film TC of
∼305 K. This is an indication that a strong spin polarization is present in the grains, even in BFMO films that do not
show the ideal bulk magnetic character. The main challenge now then is to optimize the grain boundaries in order to
allow for the spin polarized carriers to tunnel out of half-metallic BFMO grains without significant spin scattering.
V. CONCLUSION
Thin films of BFMO have been produced by PLD on lattice-matched substrates from an optimized bulk target
with low anti-site disorder. As is often found for double perovskites in thin film form, the films have a magnetization
lower than the bulk and a non-saturating magnetoresistance due to magnetically defected grain boundary regions,
likely to be antiphase boundaries between otherwise conducting BFMO grains. However, transport measurements
show signs of strongly spin polarized carriers to ∼250-300 K, where a change in sign of the anomalous Hall effect
and anisotropic magnetoresistance occurs near TC when the magnetic ordering is lost. The spin polarized carriers
originate from crystalline BFMO grains, with intergranular conduction occurring through the anti-phase boundaries
that act as weak tunnel barriers to conduction. BFMO may thus be a good source of a strongly spin polarized current
for use in thin film spintronic devices, even where defects at grain boundaries cause spin scattering and reduce the
magnetization lower than the theoretical maximum value of 4 µB/f.u. This is a promising sign for the prospective
use of BFMO as a source of highly spin polarized carriers in spintronic devices, if the spin-scattering grain boundary
material can be reduced.
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